Histidine acid phosphatases catalyze the transfer of a phosphoryl group from phosphomonoesters to water at acidic pH using an active-site histidine. The histidine acid phosphatase from the category A pathogen Francisella tularensis (FtHAP) has been implicated in intramacrophage survival and virulence, motivating interest in understanding the structure and mechanism of this enzyme. Here, we report a structure-based study of ligand recognition by FtHAP. The 1.70-Å-resolution structure of FtHAP complexed with the competitive inhibitor L(+)-tartrate was solved using single-wavelength anomalous diffraction phasing. Structures of the ligandfree enzyme and the complex with inorganic phosphate were determined at resolutions of 1.85 and 1.70 Å, respectively. The structure of the Asp261Ala mutant enzyme complexed with the substrate 3′-AMP was determined at 1.50 Å resolution to gain insight into substrate recognition. FtHAP exhibits a two-domain fold similar to that of human prostatic acid phosphatase, consisting of an α/β core domain and a smaller domain that caps the core domain. The structures show that the core domain supplies the phosphoryl binding site, catalytic histidine (His17), and an aspartic acid residue (Asp261) that protonates the leaving group, while the cap domain contributes residues that enforce substrate preference. FtHAP and human prostatic acid phosphatase differ in the orientation of the crucial first helix of the cap domain, implying differences in the substrate preferences of the two enzymes. 3′-AMP binds in one end of a 15-Å-long tunnel, with the adenine clamped between Phe23 and Tyr135, and the ribose 2′-hydroxyl interacting with Gln132. The importance of the clamp is confirmed with site-directed mutagenesis; mutation of Phe23 and Tyr135 individually to Ala increases K m by factors of 7 and 10, respectively. The structural data are consistent with a role for FtHAP in scavenging phosphate from small molecules present in host macrophage cells.
Introduction
Francisella tularensis is a highly infectious facultative intracellular bacterial pathogen and the causative agent of the potentially fatal disease tularemia. 1 Due to its high infectivity and lethality and the potential for use as a bioterrorism agent, the Centers for Disease Control and Prevention considers F. tularensis to be a category A agent. Currently, there is no licensed vaccine available, and new antibiotics are needed in anticipation of strains engineered to have enhanced virulence.
Acid phosphatases have been shown to be essential for intramacrophage survival and virulence of F. tularensis. 2, 3 Four acid phosphatase genes have been identified in highly virulent type A strains: acpA, acpB, acpC, and hap (encodes the enzyme studied here). AcpA is the prototype of a unique superfamily of acid phosphatases and phospholipases C. 4 AcpB and AcpC 5 belong to the DDDD superfamily of phosphohydrolases. 6 The hap gene product is unrelated to the other three phosphatases. Real-time PCR analysis of gene expression in macrophages infected with F. tularensis subsp. novicida showed that the acpA and hap genes are induced 219-and 10-fold, respectively, upon infection, indicating that the intracellular environment activates these genes. 3 Furthermore, a triple mutant strain of F. novicida lacking functional acpA, acpC, and hap genes is defective for survival inside macrophages and exhibited a marked defect in time to death in a mouse model of tularemia. 3 Moreover, mice infected with a quadruple mutant lacking all four acid phosphatase genes showed 100% survival at 9 weeks after infection, and this mutant showed promising protective capacity as a single-dose live vaccine. 3 The demonstration that acid phosphatase activity is essential for intracellular survival and virulence of F. tularensis has generated new interest in understanding the structures and molecular functions of the four acid phosphatases. The enzymes encoded by acpA, 7 acpC, 5 and hap 8 have been crystallized, and the structure of AcpA has been determined. 4 Also, kinetic and biophysical studies of AcpA have been reported. 9, 10 Herein, we present a structure-based study of the hap gene product [F. tularensis histidine acid phosphatase (FtHAP)] focused on substrate recognition. FtHAP is a 37-kDa periplasmic acid phosphatase that contains the characteristic histidine acid phosphatase (HAP) sequence motif of RHGXRXP, which was first identified in human prostatic acid phosphatase (hPAP) by Van Etten et al. 11 Crystal structures of hPAP [12] [13] [14] and the rat homolog [15] [16] [17] [rat prostatic acid phosphatase (rPAP)] are known, but heretofore, the structure of a bacterial HAP has not been reported. In the following, we present four high-resolution crystal structures of FtHAP (Table 1) , including structures of the enzyme complexed with the product inorganic phosphate (P i ) and the competitive inhibitor L(+)-tartrate, as well as the first structure of a HAP/ substrate complex. The data provide insight into the structural determinants of substrate recognition by FtHAP and other HAPs. 
Results

Structure of the FtHAP protomer
The FtHAP protomer comprises two domains and has approximate dimensions of 60 Å × 32 Å × 30 Å. The core domain is a twisted, seven-stranded β-sheet flanked by two α-helices on one side and three on the other side (Fig. 1a) . The strand order of the β-sheet is 3, 2, 4, 1, 5, 6, and 7, with all but strands 5 and 7 in parallel. This domain is similar to the α/β core domains of enzymes in the histidine phosphatase superfamily 21 and thus identifies FtHAP as a member of this group. The second domain (Fig. 1b,  pink) caps the core domain and consists of two sections of the polypeptide chain that are inserted between secondary structural elements of the core domain. The first insertion follows β1 and consists of a loop formed by residues 21-38. The second insertion follows β3 and includes residues 134-222, which form a bundle of α-helices.
The active site is located in the junction of the two domains, at one end of a solvent-filled tunnel that runs through the protein, as indicated by the bound P i anion in Fig. 1a and b. The core domain contributes the presumptive catalytic histidine residue (His17) and other residues that form the phosphoryl-binding pocket, which is located in the floor of the tunnel. The cap domain forms the walls and ceiling of the tunnel. As shown below, residues of the cap domain are important for binding the non-phosphoryl groups of the substrate 3′-AMP, implying that this domain plays a role in enforcing substrate preference. hPAP [12] [13] [14] is the closest structural homolog of FtHAP, based on a query of the Protein Data Bank (PDB) with Secondary-Structure Matching. 22 The rmsd between the two enzymes is 1.7 Å over 273 residues (out of 329), despite sharing only 27% amino acid sequence identity. The superposition of FtHAP and hPAP shown in Fig. 2a confirms that the two enzymes share a common fold. There is, however, a major difference in the orientation of the first helix of the cap domain (α3, colored red in Fig. 2 ). The corresponding helix of hPAP (colored yellow in Fig. 2 ) is shifted 12 Å away from the active site compared to FtHAP. This difference appears to be due to a disulfide bond in hPAP that links residue 129 at the N-terminus of this helix with residue 340 near the Cterminus of the polypeptide chain (Fig. 2b) . These Cys residues are absent in FtHAP, which evidently allows α3 to sit closer to the phosphoryl binding site. Consequently, the active-site entrance is narrower in FtHAP than in hPAP.
Structure of the dimer
FtHAP forms a dimer in solution based on gel filtration and sedimentation equilibrium studies (data not shown), and the two-molecule assembly in the asymmetric unit (Fig. 3) likely represents this dimer. This assembly has an interface area of 1600 Å 2 and a complexation significance score of 1.0, based on analysis with PISA. 23 The next largest interface in the lattice buries only 400 Å 2 of surface area, and the complexation significance score is 0.0. Furthermore, an identical dimer is present in the crystal lattices of the close structural homologs hPAP and rPAP.
The FtHAP dimer comprises two interlocking protomers (Fig. 3) . A prominent feature of the dimer is the long, protruding loop that connects α2 and β3 of the core domain (residues 98-121, Fig. 1a ). This loop reaches out and embraces the core domain of the other protomer, thus forming an interlocking dimer. Additional secondary structural elements buried in the dimer interface include α1, α2, and β3 (Fig. 3) .
Structure of FtHAP complexed with P i
The structure of FtHAP complexed with the product P i was determined at 1.70 Å resolution (Table 1) . This complex provides information about the identities of residues that directly participate in catalysis as well as those stabilizing the phosphoryl group of phosphomonoester substrates. The ion interacts with Arg16, His17, Arg20, Arg84, His260, Asp261, and one water molecule (Fig. 4a) . Note that Arg16, His17, and Arg20 are part of the conserved RHGXRXP signature motif.
The oxygen atom of P i denoted by O1 in Fig. 4a likely represents the O atom of the scissile P-O bond of the substrate or, equivalently, an O atom derived from the water molecule that attacks the phosphoenzyme intermediate. While the other oxygen atoms of P i are buried in the active site, the P-O1 bond is directed toward the protein surface. Furthermore, O1 is the only oxygen atom of P i that interacts with Asp261, a conserved residue proposed by Van Etten's group to protonate the leaving group. 24, 25 The FtHAP/P i structure is consistent with His17 being the enzyme nucleophile. His17 forms the closest contact between the protein and the P atom (3.0 Å). Furthermore, the angle formed by the ɛ2 nitrogen atom of His17, the P atom, and O1 is approximately 180°, which is consistent with backside, in-line nucleophilic attack by His17. We note that the aforementioned interactions are essentially identical with those found in the structure of hPAP complexed with P i (PDB code: 1nd6 14 ).
Structure of FtHAP complexed with L(+)-tartrate
Inhibition by L(+)-tartrate is a common characteristic of HAPs, and as expected, L(+)-tartrate is a competitive inhibitor of FtHAP. The inhibition constant (K i ) is 0.2 mM, which is similar to the value of 0.15 mM reported for hPAP. 24 The 1.70-Å-resolution structure of FtHAP complexed with L(+)-tartrate is the first high-resolution structure of any HAP complexed with this inhibitor. A moderate resolution (2.9 Å) structure of hPAP complexed with the L(+)-tartrate analog N-propyl-L-tartramate has been reported (PDB code: 2HPA 13 ).
The bound L(+)-tartrate anion interacts with eight residues, and every functional group of the inhibitor is engaged in at least one electrostatic interaction with the protein (Fig. 4b) . One of the carboxylate groups (labeled 1 in Fig. 4b ) is buried deep in the P i site, where it interacts with the side chains of Arg16 and Arg20, as well as the backbone N-H group of Asp261. The adjacent hydroxyl group of the inhibitor occupies the P i O1 binding site and forms a hydrogen bond with Asp261. The other hydroxyl group of the inhibitor forms hydrogen bonds with His17, His260, and Arg84. Presumably, His17-the catalytic residue-is a hydrogen-bond acceptor, while His260 and Arg84 are donors. Finally, the carboxylate group of the inhibitor distal from the P i site (labeled 4 in Fig. 4b ) interacts with Arg84 and Gln132. All of these enzyme-inhibitor interactions, except for the hydrogen bond with Gln132, are also observed in the hPAP/N-propyl-L-tartramate complex.
Structure of D261A complexed with 3′-AMP
How HAPs recognize the non-phosphoryl groups of substrates is a major outstanding question. According to our initial analysis of substrate preferences, FtHAP dephosphorylates a number of different phosphomonoesters, with 3′-AMP being one of the best substrates tested (Supplementary Fig.  S1 ). Therefore, several site-directed mutants of FtHAP were created for use in structure determination of an enzyme/3′-AMP complex. D261A (mutant of FtHAP in which Asp261 is replaced by Ala) proved to be the most useful of these mutant enzymes for trapping 3′-AMP in the active site. The choice of D261A was motivated by analogous work on the protein tyrosine phosphatase PTP1B (unrelated in sequence and structure to HAPs), which showed that PTP1B mutant D181A is an effective substrate trap. 26 Asp181 of PTP1B is the general acid that protonates the substrate leaving group, and Asp261 is predicted to play this role in FtHAP based on studies of homologous HAP enzymes. 24, 25 The structure of D261A complexed with the in vitro substrate 3′-AMP (K m = 0.3 mM, k cat = 120 s − 1 ) was solved at 1.50 Å resolution ( Table 1 ). The electron density maps clearly indicated the conformation of the substrate (Fig. 4c) . 3′-AMP binds in one end of a tunnel of length 15 Å that is connected to the bulk medium at both ends (Fig. 5) . One edge of the adenine base is exposed to the bulk medium, while the rest of the substrate is inside the tunnel (Fig. 5) .
The environment of the 3′-AMP phosphoryl group is identical with that described for P i above, except for the interaction with Asp261, which is obviously absent in D261A. Modeling of Asp261 based on the FtHAP/P i complex suggests that this residue could potentially interact with the 3′ oxygen atom of 3′-AMP at a distance of 2.5 Å. Such an interaction is consistent with Asp261 functioning as the acid that protonates the leaving group.
The enzyme also interacts with the ribose moiety of the 3′-AMP (Fig. 4c) . The 2′-hydroxyl interacts with Gln132 via a direct hydrogen bond and a water-mediated one. The 5′-hydroxyl does not directly interact with the enzyme, but it does form a hydrogen bond with a water molecule that is part of a network of hydrogen-bonded water molecules in the tunnel (Fig. 5) .
The base of 3′-AMP stacks in parallel between the side chains of Phe23 and Tyr135, forming a sandwich (Figs. 4c and 5 ). The adenine is within van der Waals contact with the aromatic rings of these residues, indicating that the stacking is intimate. Note that the Watson-Crick hydrogenbonding groups of the base are directed out of the tunnel toward the bulk medium. As a result, the base does not form hydrogen bonds with the enzyme. The adenine ring does interact with two water molecules via hydrogen bonding (Fig. 4c) .
Finally, although all three groups of 3′-AMPphosphoryl, ribose, and adenine-interact with the enzyme, the fit between this substrate and enzyme is not perfect. As shown in Fig. 5 , the substrate does not completely fill the substrate-binding tunnel, implying suboptimal shape complementarity with 3′-AMP. In particular, the pocket has substantial available space around the ribose 5′-hydroxyl, which is directed toward the solvent-filled end of the tunnel. 
Analysis of conformational changes induced by ligand binding
The structure of inhibitor-free FtHAP was determined to gain insight into the conformational changes that accompany the binding of inhibitors and substrates. A superposition of the four FtHAP structures is shown in Fig. 6 . The active sites are nearly identical, except for the conformations of Arg20, Phe23, and Tyr135.
The unique conformation of Arg20 in the ligandfree enzyme appears to be due to the presence of an acetate ion near this residue. (We note that sodium acetate was included in the enzyme storage buffer.) In the ligand-free enzyme, the bound acetate ion occupies the location corresponding to the phenyl group of Phe23 in the other structures. Electron density for the side chain of Phe23 was very weak in the ligand-free enzyme, indicating that this side chain is disordered. Note that Phe23 has been truncated after the C β atom in the ligand-free enzyme structure. The structural comparison also reveals perceptible differences involving the substrate-clamping residues Phe23 and Tyr135. These side chains are closest together in the 3′-AMP complex (Fig. 6, magenta) . Furthermore, the electron density for these side chains is very strong in the 3′-AMP complex but comparatively weaker in the other structures. These observations suggest that the binding of 3′-AMP induces ordering of the side chains of Phe23 and Tyr135 and closure of the clamp.
Kinetic characterization of F23A and Y135A
The importance of the substrate-clamping residues was studied by creating the mutants F23A (mutant of FtHAP in which Phe23 is replaced by Ala) and Y135A (mutant of FtHAP in which Tyr135 is replaced by Ala). Steady-state kinetics measurements were performed using 3′-AMP as the substrate, and the resulting kinetic parameters are listed in Table 2 .
The kinetic data suggest that Phe23 and Tyr135 play a significant role in binding 3′-AMP. The kinetic parameters for the native enzyme are 0.3 mM and 120 s − 1 for K m and k cat , respectively, which yields a catalytic efficiency of 381 s − 1 mM − 1 . The efficiencies of F23A and Y135A are 20-and 10-fold lower, respectively. These decreases in efficiency reflect primarily changes in K m , which increases from 0.3 mM for the native enzyme to 2.2 mM for F23A and 3.0 mM for Y135A. These results suggest that the stacking interactions implied by the crystal structure contribute substantially to the binding energy of 3′-AMP.
Discussion
FtHAP belongs to a large class of enzymes known as the histidine phosphatase superfamily. 21 This superfamily comprises phosphoryl transfer enzymes that share a common catalytic core featuring an active-site histidine that is phosphorylated during the catalytic cycle. There are two main branches in the superfamily, which are distinguished by sequence and structural characteristics. Branch 1 comprises several functionally diverse enzymes, including cofactor-dependent phosphoglycerate mutases and a variety of phosphatases. Branch 2 is less diverse and consists mainly of HAPs, such as FtHAP and hPAP, as well as phytases. Here, we described the first structure of a bacterial member of the HAP subbranch of the histidine phosphatase superfamily. FtHAP has the same fold and dimeric structure as hPAP. The core catalytic domains of FtHAP and hPAP superimpose almost perfectly, which is consistent with the fact that the core domain is common to all members of the superfamily. It is thus likely that the fold displayed by FtHAP and hPAP is conserved throughout the HAP subbranch of the histidine phosphatase superfamily. Multiple sequence alignments suggest that the dimerization loop is present in other HAPs. Furthermore, the alignments reveal that seven residues near the end of the dimerization loop, corresponding to residues 116-121 of FtHAP, are highly conserved (colored magenta in Fig. 1a ). This section of the loop has the sequence FQPIPI in FtHAP. The corresponding sequence in hPAP and many other predicted HAPs is WQPIPV. These observations suggest that the dimeric structure displayed by FtHAP and hPAP is also conserved throughout the HAP subbranch. Where FtHAP and hPAP differ is in the cap domain (pink in Fig. 1b) , which we have shown is important for substrate recognition. In particular, the crucial first helix of the cap domain (α3) is shifted due to a disulfide bond that is present in hPAP but absent in FtHAP (Fig.  2b) . This key structural difference in the active site implies that the two enzymes have different substrate preferences.
Although some of the physiological substrates for hPAP have been identified, nothing is known about the in vivo substrates for FtHAP. Previous work has suggested that the cellular form of hPAP functions as a protein phosphatase, with potential substrates including c-ErbB-2 27 and the epidermal growth factor receptor. 28 Also, the transmembrane isoform of hPAP has been recently shown to suppress pain by dephosphorylating extracellular 5′-AMP to adenosine. 29, 30 The structural data reported here provide clues about potential in vivo substrates and possible roles for FtHAP in intracellular survival. The active-site entrance of FtHAP is narrower than that of hPAP due to the difference in the orientation of α3 (Fig.  2b) . The width of the active-site entrance could help dictate substrate specificity, with wider entrances allowing broader specificity, as has been suggested for PhoE, another member of the histidine phosphatase superfamily. 31 The wider entrance of hPAP is consistent with phosphoprotein substrates but evidently does not preclude 5′-AMP as a substrate. Conversely, the narrow entrance of FtHAP is predicted to preclude phosphoproteins as potential substrates and instead suggests small-molecule phosphomonoesters as potential substrates. In fact, docking of a phosphotyrosine pentapeptide into the FtHAP and hPAP structures suggests that residues flanking the phosphotyrosine would clash with α3 of FtHAP but not with the corresponding helix of hPAP (data not shown). Thus, our data argue against a role for FtHAP in modulating host cell signaling pathways by dephosphorylating host proteins.
The D261A/3′-AMP structure is the first structure of a substrate complex for any HAP, and thus, a major result of this work is to identify some of the structural determinants of substrate recognition by HAPs. In particular, the structure provides the first clues about residues that bind the non-phosphoryl groups of substrates. The structure shows that residues of the cap domain interact with the ribose and adenine, which suggests that the role of this domain is to help enforce substrate preference. The cap domain provides two main contact points with 3′-AMP. Primary among these is the first helix of the domain, which contains the key residues Gln132 and Tyr135. The former residue forms a hydrogen bond with the 2′-hydroxyl of 3′-AMP, while the latter forms one side of an aromatic sandwich that clamps the adenine base. The second locus of interaction is the large loop insertion that follows β1. This loop contributes Phe23, which forms the other side of the clamp. We thus propose that α3 and the large loop insertion are "hot spots" for substrate recognition.
It is interesting that Phe23, Gln132, and Tyr135 are not widely conserved among HAPs. Isoleucine and valine are frequently found at the residue corresponding to Phe23, with Ile appearing in hPAP, rPAP, and the closest sequence homolog to FtHAP in GenBank, Legionella pneumophila major acid phosphatase 32 (41% identity). The residues corresponding to Gln132 and Tyr135 display wide variation among HAPs. The Legionella enzyme appears to be the only other HAP having a glutamine aligning with FtHAP Gln132. Arginine substitutes for Tyr135 in the Legionella enzyme. The equivalent residues in hPAP and rPAP are Tyr123 and Phe126. Tyr123 of hPAP aligns structurally with FtHAP Gln132 (Fig. 2b) ; the hydroxyl group of Tyr123 could potentially play a role in substrate binding analogous to the carboxamide of FtHAP Gln132. On the other hand, Phe126 of the human enzyme is located 13 Å (C ζ -C ζ distance) from Tyr135 of FtHAP because of the shift in α3 discussed above (Fig. 2b) . Thus, significant conformational change would be required to bring this residue of hPAP into the active site to bind substrates in the manner demonstrated by the D261A/3′-AMP structure. The lack of conservation of these key residues suggests that the substrate preference of FtHAP might be unique among HAPs.
Information about substrate recognition hot spots should aid the discovery of physiological substrates of FtHAP, which is important for understanding the enzyme's biological role. For example, gene deletion studies have implicated phosphatases, including FtHAP, in intramacrophage survival and virulence of F. tularensis, but a more detailed, molecular-level understanding of the biological roles of FtHAP, AcpA, AcpB, and AcpC is lacking. Our data provide some general ideas that might be useful in future studies intended to identify the biological function of FtHAP. For example, the D261A/3′-AMP structure shows that 3′-AMP perfectly spans the distance between the P i binding site and the hydrophobic clamp. Thus, it appears that the active site is suited for binding nucleoside 3′-monophosphates. Since the enzyme does not form hydrogen bonds with the adenine base, FtHAP is predicted to lack a significant base preference for nucleoside 3′-monophosphates. Because 3′-AMP does not completely fill the substrate-binding tunnel, it is unlikely that the substrate preference of FtHAP is tightly restricted to nucleoside 3′-monophosphates. Indeed, initial in vitro kinetic screening trials also identified 2′-and 5′-nucleoside monophosphates as substrates for FtHAP ( Supplementary Fig. S1 ). How the enzyme recognizes these substrates remains to be determined. Taken together, the structural data presented here point to a possible role for FtHAP in scavenging phosphate from small molecules present in host macrophage cells, perhaps with a preference for acquiring phosphate from nucleoside monophosphates.
Materials and Methods
Crystallization of native, Se-Met, and mutant FtHAP Native FtHAP was expressed, purified, and crystallized as described previously. 8 Briefly, tetragonal crystals having unit cell dimensions of a = 62 Å and c = 211 Å were grown in sitting drops using a reservoir solution of 10% (w/v) Tacsimate, 0.1 M Hepes, pH 7.0, and 19% (w/ v) polyethylene glycol (PEG) 3350. 8 The active site of the crystallized enzyme contains a bound L(+)-tartrate ion (vide infra), which is a known competitive inhibitor of HAPs. 24, 33 The source of the inhibitor is Tacsimate, which contains 0.16 M ammonium tartrate.
The selenomethionine (Se-Met) derivative was created with the Overnight Express Autoinduction System 2 (Novagen). The purification scheme was similar to the one used for native FtHAP. The Se-Met enzyme was crystallized in the Tacsimate/PEG condition with 5 mM dithiothreitol added to the reservoir solution. The resulting crystals are isomorphic to the native ones. Crystals of Se-Met FtHAP were cryoprotected using 25% PEG 200 as described for native FtHAP. 8 Crystals of the inhibitor-free enzyme were grown using an ammonium-sulfate-based recipe that had been identified previously during crystallization screening trials. 8 These crystals were grown in sitting drops at room temperature using a protein stock solution of 10 mg/mL enzyme in 50 mM sodium acetate, pH 6.0, and reservoir solutions consisting of 0.05-0.2 M Bis-Tris buffer, pH 5.0, and 1.6-2.0 M ammonium sulfate. The crystals are isomorphic to those grown in Tacsimate and PEG.
Crystals used to obtain the complex with P i were grown using a variation of the PEG/Tacsimate recipe in which Tacsimate was omitted. Large tetragonal crystals were grown in sitting drops at room temperature using reservoir solutions of 0.05-0.20 M Bis-Tris, pH 5.0-6.5, and 17-25% PEG 3350. The P i complex was formed by soaking a crystal for 30 min in 21% (w/v) PEG 3350, 0.1 M Bis-Tris, pH 6.0, 25% (v/v) PEG 200, and 20 mM P i (from a stock solution of 100 mM KH 2 PO 4 adjusted to pH 6.0). The crystal was then picked up with a Hampton loop and plunged into liquid nitrogen.
Crystals of a substrate-trapping mutant enzyme in which Asp261 is replaced by Ala (D261A) were grown in sitting drops at room temperature using a variation of the ammonium-sulfate-based recipe described above. In this case, the protein stock solution consisted of 15 mg/mL D261A in a buffer of 50 mM sodium acetate at pH 6.0, and the reservoir contained 0.1 M Bis-Tris buffer at pH 6.5 and 2.0 M ammonium sulfate. The complex with the substrate 3′-AMP was formed by soaking a D261A crystal for 45 min in 20 mM 3′-AMP, 2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5, and 20% (v/v) glycerol prior to freezetrapping in liquid nitrogen.
X-ray diffraction data collection
Crystals of Se-Met FtHAP were analyzed at beamline 4.2.2 of the Advanced Light Source using a NOIR-1 detector, and the data were processed with D⁎TREK. 34 The data set that was used for single-wavelength anomalous diffraction (SAD) phasing was collected at the energy corresponding to the peak of f″ (λ = 0.97915 Å). This data set consisted of 360 frames with an oscillation width of 0.5°per image, a detector distance of 150 mm, and an exposure time of 3.5 s/image. The data were processed to 2.10 Å resolution (Table 1) .
Data from crystals of the native enzyme were also collected at beamline 4.2.2 and processed with D⁎TREK ( Table 1 ). The 1.70-Å-resolution data set for the L(+)-tartrate complex was collected using a detector distance of 150 mm and a detector offset angle of 17°. A total of 180°of data were collected using an oscillation angle of 0.5°and an exposure time of 8 s/image. The 1.70-Å-resolution data set for the P i complex consisted of 180°of data collected with a detector distance of 150 mm, an offset angle of 10°, an oscillation angle of 0.5°, and an exposure time of 3 s/ image. The data set used to refine the structure of the inhibitor-free enzyme consisted of 360 images acquired with an oscillation width of 0.5°per image, a detector distance of 160 mm, a detector offset angle of 10°, and an exposure time of 3.5 s/image. A 1.50-Å-resolution data set was collected from a crystal of the D261A/3′-AMP complex at Northeastern Collaborative Access Team beamline 24-ID-C at the Advanced Photon Source using a Quantum 315 detector. The data set consisted of 180 images collected with a detector distance of 170 mm and an oscillation width of 1°. The data were processed with HKL2000. 35 
Phasing and refinement
The structure was solved using SAD phasing based on data collected from a crystal of Se-Met FtHAP complexed with L(+)-tartrate. SAD phasing calculations were performed with SOLVE 36 using P4 1 2 1 2 as the space group. Of the expected 12 selenium sites (i.e., one FtHAP molecule per asymmetric unit), 11 were identified, which resulted in a figure of merit of 0.31 for reflections to 2.1 Å resolution. RESOLVE 36 was then used for density modification and automated model building. The phase set from RESOLVE had a figure of merit of 0.65. The model from automated building included 63% of the expected residues in the asymmetric unit. REFMAC5 37 and PHENIX 38 were used for refinement. The B-factor model used during refinement consisted of an isotropic B-factor for each non-hydrogen atom plus one TLS group per chain. Coot 39 was used for model building. The model from RESOLVE was extended through iterative rounds of model building and refinement against the SAD data set to 2.1 Å resolution. The resulting model had an R cryst value of 0.24 and an R free of 0.26. This model served as the starting point for further model building and refinement against the 1.70-Å-resolution native data set for the L(+)-tartrate complex. As the model neared completion, it became apparent that there was a steric clash between two molecules related by the symmetry operation (y, x, −z) and involving Met94 and Phe116. This conflict was interpreted as being a violation of P4 1 2 1 2 symmetry and could be resolved by lowering the symmetry to P4 1 and assuming two molecules in the asymmetric unit rather than one. Therefore, subsequent refinement calculations were performed with P4 1 as the space group. The final model of the L(+)-tartrate complex was used to initiate refinements of the other structures. A common set of test reflections (5%) was used for all the refinements. See Table 1 for refinement statistics.
Site-directed mutagenesis
Three site-directed mutants of FtHAP-in which Ala replaced Phe23 (F23A), Tyr135 (Y135A), or Asp261 (D261A)-were created. These alterations to the FtHAP gene were made using the overlap extension PCR method as originally described by Horton et al. 40, 41 PCR cycling parameters for generation of the overlap amplicons were as follows: initial denaturation at 94°C for 60 s followed by 30 cycles of 94°C denaturation (30 s), annealing at 55°C (60 s), and elongation at 72°C (120 s). The blunt-ended final PCR product was cloned into pZERO Blunt, transformed into Escherichia coli DH5α, and cultured on LB containing 50 μg/mL kanamycin. The blunt insert was ligated into pET20b using NcoI and XhoI restriction sites. The mutant enzymes were expressed and purified using protocols similar to those described above for the native enzyme.
Kinetic characterization
Initial kinetic screening trials identified 3′-AMP and pnitrophenyl phosphate (pNPP) as two of the best in vitro substrates for FtHAP ( Supplementary Fig. S1 ); therefore, these molecules were used for characterization of steadystate kinetics. Enzymatic activity with 3′-AMP as the substrate was assessed using a discontinuous assay that measures the production of P i . 42, 43 The assays were performed at 37°C in a buffer of 0.2 M sodium acetate at pH 6.0. We note that FtHAP exhibits negligible activity at pH values greater than 7.0 with pNPP as the substrate, suggesting that the enzyme can be considered to be an acid phosphatase (data not shown). For each substrate concentration, the reaction was stopped by the addition of the malachite green reagent after reaction times of 15, 30, 45, and 60 s, and the P i concentrations were then determined spectrophotometrically. The initial rate was estimated by fitting data from the four time points to a line. The kinetic constants K m and V max were estimated by fitting the initial rate data to the Michaelis-Menten equation using Origin 8 software. Inhibition by L(+)-tartrate was studied using pNPP as the substrate at 37°C in a buffer of 0.2 M sodium acetate at pH 6.0. In this case, the production of p-nitrophenolate was monitored at 405 nm as described previously. 10 The inhibition constant (K i ) was estimated using simultaneous nonlinear regression as described by Kakkar et al. 44 
Accession codes
Atomic coordinates and structure factor amplitudes have been deposited in the PDB 45 with accession codes 3IT0, 3IT1, 3IT2, and 3IT3.
